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(57) ABSTRACT 

A signal analyZer (303) and method thereof using short-time 
signal analysis, preferably recursive, to obtain a time variant 
feature from a signal, the signal analyZer including a signal 
sampler (401) With an input register (403) for storing a 
sequence of samples of the signal, a multiplier (405) for 
Weighting in accordance With, alternatively, a half-sine, 
cosine, 2nd order complex pole, or 3rd order complex pole 
function the sequence of samples to provide Weighted 
samples of the signal, and a combiner (407) for combining 
the Weighted samples to provide a signal feature estimate, 
such as a signal average or frequency dependent energy 
estimate, for the signal. 
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SIGNAL ANALYZER AND METHOD 
THEREOF 

FIELD OF THE INVENTION 

The present disclosure deals With Wireless receivers 
including demodulators using signal analyzers, methods 
thereof, and applications of each. This disclosure deals more 
speci?cally With but not limited to such apparatus and 
methods employing short-time signal analysis including 
recursive structures and methods of such analysis. 

BACKGROUND OF THE INVENTION 

Wireless receivers including demodulators using signal 
analyZers and signal analysis are knoWn. That 
notWithstanding, practitioners in the ?eld continue to devote 
extensive attention to the topic, perhaps due to it’s relative 
signi?cance as nearly all electronic or other systems require 
some signal analysis. The general form and concept of 
short-time signal analysis, although more recently 
developed, is similarly knoWn. 

Short-time signal analysis is a tool especially suitable for 
adaptive estimation. Adaptive estimation estimates time 
varying features of non-stationary signals or systems by 
using a WindoW to localiZe and Weight data and then 
applying stationary estimation to the localiZed data to gen 
erate a local estimate or signal feature. Short time signal 
analysis is useful for various forms of adaptive signal 
processing, such as adaptive ?ltering, time/frequency 
analysis, time scale analysis, ?lter bank design, etc. Recur 
sive short-time signal analysis is a method of implementing 
short-time signal analysis that relies on previous estimates of 
a local feature to estimate the local feature for a neW time. 
Apparatus and methods suitable for accurate and ef?cient 
implementations of recursive short-time signal analysis are 
evidently very rare and yet highly desirable, especially for 
real time processing. 

In a sampled signal context a mathematical expression for 
the Weighting or localiZing process over a sliding time frame 
of a sampled signal at sample time n may be Written as: 
dk(m|n)=Wk(m)dk(n—m) Where d(n) is a sample taken at n, 
W(m) is the localiZing and Weighting function often referred 
to as a WindoW and the k subscript alloWs for different 
WindoWs. One particular feature estimation procedure is 
knoWn as the short time Fourier Transform that is de?ned in 
a sampled signal context as: 

Fun | M) = 2 WM wummkm — m) 

For wk=0 this provides an average based estimation for all 
k and for 00,30 this provides a time-frequency estimate or 
frequency dependent energy or amplitude estimate at 00k. 
As a generality the speci?c characteristics of Wk(II1) 

determine the relative accuracy of the feature estimates 
obtained,. upon for example execution of the above 
equation, and additionally determine the relative ef?ciency 
or computational burden incurred in the implementation of 
a recursive structure suitable for obtaining the above esti 
mations. Various WindoWs or Wk(II1) have been proposed and 
evaluated but all have suffered from either poor accuracy or 
undue computational burden thus severely limiting the uti 
liZation of recursive short time signal analysis to those 
circumstances Where either accuracy Was unimportant or 
substantial computational resources Were available. Clearly 
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2 
a need exists for ef?cient and accurate signal analyZers using 
short-time signal analysis and methods of doing so. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The features of the present invention that are believed to 
be novel are set forth With particularity in the appended 
claims. HoWever, the invention together With further advan 
tages thereof, may best be understood by reference to the 
accompanying draWings Wherein: 

FIG. 1 is a block diagram of a Wireless paging commu 
nications system suitable for employing an embodiment of 
the instant invention. 

FIG. 2 is a more detailed block diagram of a paging 
messaging unit (PMU) as shoWn in the FIG. 1 system and 
suitable for employing an embodiment of the instant inven 
tion. 

FIG. 3 is a more detailed block diagram of a portion of the 
FIG. 2 PMU depicting a demodulator in accordance With a 
preferred embodiment of the instant invention. 

FIG. 4 is a block diagram of a signal analyZer in accor 
dance With a preferred embodiment of the instant invention 
and suitable for use in the FIG. 3 demodulator. 

FIG. 5 is a conceptual diagram of the operation of the 
FIG. 4 signal analyZer. 

FIGS. 6.1, 6.2, 6.3, and 6.4 depict various preferred 
shapes of a localiZing and Weighting function suitable for 
use in the FIG. 4 signal analyZer. 

FIG. 7 is a block diagram of a signal analyZer using 
recursive analysis in accordance With a preferred embodi 
ment of the instant invention. 

FIG. 8 is a block diagram of a signal analyzer using 
recursive analysis in accordance With an alternative embodi 
ment of the instant invention. 

FIG. 9 is a block diagram of a signal analyZer using 
recursive analysis in accordance With a further embodiment 
of the instant invention. 

FIG. 10 is a block diagram of a signal analyZer using 
recursive analysis in accordance With yet another embodi 
ment of the instant invention. 

FIG. 11 is a How chart of a preferred method of signal 
analysis in accordance With the instant invention. 

DETAILED DESCRIPTION OF A PREFERRED 
EMBODIMENT 

The instant invention deals With signal analyZers and 
methods thereof. Such analyZers and analogous methods 
may be advantageously employed, for example, in the 
demodulators or detectors found in Wireless receivers used 
in Wireless communications systems such as the Wireless 
paging communications system (100) as generally depicted 
in FIG. 1. 
As an overvieW various embodiments of a signal analyZer 

using short-time signal analysis to obtain a time variant 
feature from a signal are disclosed. The signal analyZer 
includes a signal sampler for providing a sequence of 
samples of the signal, and preferably including an input 
register for storing the sequence of samples of a portion of 
the signal, a multiplier for Weighting in accordance With, 
alternatively, a half-sine, a cosine, a 2nd-order complex 
pole, or a 3rd-order complex pole function this sequence of 
samples to provide Weighted samples of the signal, and a 
combiner for combining the Weighted samples to provide a 
signal feature estimate for the signal or speci?cally the 
relevant or local portion. 
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The half-sine, cosine, 2nd-order complex pole, or 3rd 
order complex pole function are, respectively and preferably 
de?ned as: 

0, otherwise 

Where the sequence of samples is N-l samples; 

Where the sequence of samples is N-2 samples; 

The signal feature estimates provided by the combiner 
may take many forms may be further combined into many 
others including averages, variances, nth order moments, 
etc. The instant disclosure details various particulars asso 
ciated With signal feature estimates proportional to signal 
averages and frequency dependent energy estimates. In the 
case of the half-sine function the signal average and fre 
quency dependent energy estimate at sample n are prefer 
ably and respectively provided in proportion to; 

Where d(n) and d(n-N) are, respectively, a sample at n and 
n-N and Savg(n—1) and Savg(n—2) are, respectively, previous 
signal averages at sample n-1 and n-2; and 

: 

Where d(n) and d(n-N) are, respectively, a sample at n and 
n-N and Fd(n—1|u)) and Fd(n—2|u)) are, respectively, fre 
quency dependent energy estimates at sample n-1 and n-2. 

In the case of the cosine function the signal average and 
frequency dependent energy estimate at sample n are pref 
erably and respectively provided in proportion to; 

avg 

Where d(n) and d(n-N) are, respectively, a sample at n and 
n-N and S (n-l), S (n-2) and S (n-3) are, avg avg avg 

respectively, previous signal averages at sample n-1, n-2, 
and n-3; and 

FA" | w) = 

[WP + ZcosZ£]Fd(n —l | w) — e12“[l+ ZcosZ£]Fd(n — Z | w) + N N 

81mm” - 3 | w) + d(n) - [Imam - N) 

where d(n) and d(n-N) are, respectively, a sample at n and 
n-N and Fd(n—1|u)), Fd(n—2|u)), and Fd(n—3|u)) are, 
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4 
respectively, frequency dependent energy estimates at 
sample n-1, n-2, and n-3. 

In the case of the 2nd order complex pole function the 
signal average and frequency dependent energy estimate at 
sample n are preferably and respectively provided in pro 
portion to; 

Where d(n) is a sample at n and SWg n-1) and Savg(n—2) are, 
respectively, previous signal averages at sample n-1 and 
n-2; and 

Where d(n) is a sample at n and F d(n—1|u)) and F d(n—2|u)) are, 
respectively, previous frequency dependent energy estimates 
at sample n-1 and n-2. 

In the case of the 3rd order complex pole function the 
signal average and frequency dependent energy estimate at 
sample n are preferably and respectively provided in pro 
portion to; 

Where d(n) is a sample of the signal at n, Savg(n—1), 
Savg(n—2), and Savg(n—2) are, respectively, previous signal 
averages at sample n-1, n-2, and n-3; 6=2rc/N, N being an 
integer and 

Where d(n) is a sample at n and Fd(n—1|u)), Fd(n—2|u)), and 
Fd(n—3|u)) are, respectively, frequency dependent energy 
estimates at sample n-1, n-2, and n-3. 
The instant disclosure further shoWs a signal analyZer 

suitable for using recursive short time signal analysis to 
obtain a time varying feature from a signal. This analyZer, 
preferably includes a signal sampler for sampling the signal 
to provide a sequence of samples of the signal, and a 
combiner for combining a ?rst signal, a second signal, a ?rst 
previous estimate of the time varying feature, and a second 
previous estimate of the time varying feature to provide a 
signal feature estimate or current feature estimate. The ?rst 
signal and the second signal, respectively, correspond to a 
?rst sample and a second sample from the sequence of 
samples of the signal, Where the second sample is spaced by 
at least one sample from the ?rst sample. The ?rst previous 
estimate of the time varying feature is Weighted by a cosine 
function having an argument inversely proportional to a 
number of samples equal to a sum of the at least one sample 
plus tWo or speci?cally the ?rst sample and the second 
sample. 

This recursive version of a signal analyZer provides 
feature estimates including such estimates proportional to a 
signal average and a frequency dependent energy estimate. 
Preferably the signal average and frequency dependent 
energy estimate is given by; 

Where d(n) and d(n-N) are, respectively, said ?rst sample 
taken at n and said second sample taken at n-N and 

Sav'g(n—1) and Savg(n—2) are, respectively, said ?rst previous 
estimate at sample n-1 and said second prev1ous estimate at 
sample n-2; and 
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Where d(n) and d(n-N) are, respectively, a sample at n and 
n-N and F d(n—1|u)) and F d(n—2|u)) are, respectively, fre 
quency dependent energy estimates at sample n-1 and n-2. 

In a further preferred embodiment the combiner addition 
ally combines a third previous estimate as Well as the second 
previous estimate Weighted by the cosine function. The 
signal average and frequency dependent energy estimate is 
noW preferably given by; 

Where d(n) and d(n-N) are, respectively, said ?rst sample 
taken at n and said second sample taken at n-N and 

(n-1), Savg(n—2), and Savg(n—3) are, respectively, said 
?rst previous estimate at sample n-1, said second previous 
estimate at sample n-2, and said third previous estimate at 
sample n-3; and 

Savg 

Where d(n) and d(n-N) are, respectively, a sample at n and 
n-N and Fd(n—1|u)), Fd(n—2|u)) and Fd(n—3|u)) are, 
respectively, frequency dependent energy estimates at 
sample n-1, n-2, and n-3. 
An alternative preferred embodiment of a signal analyZer 

suitable for using recursive short time signal analysis to 
obtain a time varying feature from a signal includes a signal 
sampler for sampling the signal to provide a sequence of 
samples of the signal, and a combiner for combining a ?rst 
signal corresponding to a ?rst sample, a ?rst previous 
estimate of the time varying feature Weighted by a cosine 
function having an argument inversely proportional to a 
number of said sequence of samples, and a second previous 
estimate of the time varying feature exponentially Weighted 
in proportion to said argument to provide a signal feature 
estimate or current feature estimate. Similar to the above 
embodiments this analyZer and a further alternative pre 
ferred embodiment may provide the signal feature estimate 
proportional to a signal average or a frequency dependent 
energy estimate. 

This signal analyZer provides the signal average and 
frequency dependent energy estimate at sample n, preferably 
and respectively in accordance With; 

avg 

Where d(n) is said ?rst sample taken at n, Savg(n—1) and 
Savg(n—2) are, respectively, said ?rst previous estimate at 
sample n-1 and said second previous estimate at sample 
n-2, 

Fd(n—2|u)) are, respectively, frequency dependent energy 
estimates at sample n-1 and n-2, 

45 
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65 

In the further alternative preferred embodiment of this 
signal analyZer the combiner additionally combines a third 
previous estimate exponentially Weighted as Well as the 
second previous estimate Weighted by the cosine function. 
This embodiment provides the signal average and frequency 
dependent energy estimate at sample n, preferably and 
respectively in accordance With; 

Where d(n) is said ?rst sample taken at n, Savg(n—1), SWg 
(n-2), and Savg(n—3) are, respectively, said ?rst previous 
estimate at sample n-1, said second previous estimate at 
sample n-2, and said third previous estimate at sample n-3, 

and 

012%) roce I and own/1v 

Referring to the Figures a more detailed explanation of 
the instant disclosure Will be provided. FIG. 1 depicts a 
paging system (100) in overvieW block diagram format. The 
paging system includes a controller (103) coupled to a 
message source (101), such as the Public SWitched Tele 
phone Network. The controller (103) is coupled to a base 
transmitter (105) and provides paging messages and control 
information to this transmitter. The base transmitter uses the 
paging messages to modulate a radio frequency carrier in 
accordance With the chosen modulation technique, such as 
preferably frequency shift keying (FSK) and transmits the 
messages, as modulated radio frequency carrier over 
antenna (107) and the Wireless channel (109) to the paging 
message units (PMU) (111, 113) via their respective anten 
nas (110, 112). It is noted that the one Way paging system 
(100) is merely an exemplary setting for the instant disclo 
sure and serves only to facilitate disclosure and in no Way is 
intended to limit the true spirit and scope of the present 
invention. 

Referring to the block diagram of FIG. 2 the basic 
functional blocks of the PMU (111) are depicted. Antenna 
(110) couples the radio signal from the Wireless channel 
(109) to a receiver front end (201) Where it is, preferably, 
ampli?ed and ?ltered as Well knoWn and then applied to a 
mixer (203). Mixer (203) multiplies the radio signal from the 
front end by a local oscillator (205) to translate the modu 
lated radio frequency carrier to a baseband signal, a near 
Zero frequency carrier With the FSK modulation imposed 
thereon at input (204). The baseband signal, preferably an in 
phase and quadrature signal (I and Q), is coupled to the 
detector/demodulator (demodulator) (207) Where it is con 
verted to a symbol pattern at output (208). 

The symbol pattern at (208) is coupled to the forWard 
error correction (FEC)/decoder unit (209) Where errors are 
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corrected and the symbols are decoded to provide a message 
that is coupled to the user interface block (211) all as Well 
known in the art. The user interface block is any suitable 
indicator or collection thereof that alerts a user that a 
message has been received and What the contents of that 
message may be. Such indicators include audible, visual, or 
physical motion alerting devices and various numeric or 
alpha numeric displays for shoWing the message contents. 

FIG. 3 depicts the demodulator (207) in further detail. The 
baseband signal at input (204) is coupled to an A/D con 
verter (300) With an output coupled to a ?rst signal analyZer 
(301) through a signal squaring unit (302). The output of the 
A/D converter (300) is also coupled to a second and a third 
signal analyZer (303, 305). For simplicity, the discussion 
here focuses on a demodulator suitable for operating in a tWo 
level FSK system. The demodulator may be readily 
extended to four or more level modulation by adding addi 
tional signal analyZers such as (303, 305) as Will be apparent 
to those skilled in the art. These signal analyZers are imple 
mented preferably in a digital signal processor (DSP), such 
as a Motorola 56000 series DSP, and operate in a sampled 
or discrete signal mode on the samples provided by A/D 
converter (300). 

Signal analyZer (301) provides an output at (206) that is 
proportional to the average value of the signal provided from 
the squaring unit (302). This average value is a signal feature 
estimate or feature estimate that is proportional to a signal 
average, speci?cally signal poWer, of the baseband or dis 
crete baseband signal and is often referred to as a received 
signal strength indication (RSSI). The RSSI at output (206) 
is part of the output (208) used as the input to the FEC/ 
Decoder (209). This Decoder (209) uses the RSSI as a 
relative con?dence indicator for the symbol pattern as is 
knoWn in the art. 

Signal analyZers (303, 305) operate to provide a ?rst and 
a second frequency dependent energy estimate at, 
respectively, frequency 1, preferably, +800 HZ on output 
(304) and frequency 2, preferably —800 HZ on output (305). 
The estimate at output (304) and the estimate at output (306) 
are compared, respectively, to a ?rst and second reference 
(308, 312) by comparators (307, 311). When the frequency 
dependent energy estimates at, respectively, outputs (304, 
306) satisfy, preferably exceed, the respective references 
(308, 312) outputs (314, 316), each part of output (208), of 
comparators (307, 311), respectively, indicate a ?rst symbol 
or second symbol. In addition outputs (304, 306) are coupled 
to and compared by a comparator (309) With an output 
(315), again a part of output (208). When the relative 
magnitude of the ?rst and second frequency dependent 
energy estimate changes the output (315) Will change states, 
designating the end of one symbol time period and the 
beginning of another. Collectively the symbol indications at 
outputs (314, 316), the timing indication at output (315), and 
the RSSI at output (206) is used by the error correction and 
decoder unit (209) as is Well knoWn. 

Referring noW to FIG. 4, a detailed explanation of the 
signal analyZers (303) Will be undertaken. FIG. 4 is a block 
diagram of a signal analyZer in accordance With a preferred 
embodiment of the instant invention and is suitable for use 
in the FIG. 3 demodulator. The FIG. 4 structure, excluding 
previously mentioned elements With like reference 
numerals, is suitable for implementing either signal analyZer 
(303), (305), or analogously (301). The FIG. 4 signal ana 
lyZer uses short-time signal analysis to obtain a time variant 
feature, such as a signal average or frequency dependent 
energy estimate, etc., from a signal. As noted above the 
baseband signal at input (204) is coupled to the A/D con 
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8 
verter (300). A/D converter (300) is coupled to an input 
register (403) and together they form a signal sampler (401). 
The signal sampler (401) is for sampling the signal at the 
output of A/D converter (300) to provide a sequence of 
samples, d(n) . . . d(n-N), of the signal and preferably 
includes the input register (403) for storing the sequence of 
samples of a portion of the signal. 

This sequence of samples is then coupled to a multiplier 
(405) and the multiplier is for Weighting in accordance With, 
alternatively, a half-sine, a cosine, a 2nd order complex pole, 
or a 3rd order complex pole function, the sequence of 
samples to provide Weighted samples, preferably, of the 
portion of the signal. The Weighted samples are then coupled 
to a combiner (407) Where they are combined to provide a 
signal feature estimate or feature estimate, such as found at 
outputs (206, 304, or 306), speci?cally and respectively a 
feature estimate proportional to a signal average or RSSI, or 
a frequency dependent on frequency 1 (+800 HZ), or on 
frequency 2 (—800 HZ), energy estimate. 

To further enhance appreciation of the instant invention 
the reader is referred to the FIG. 5 conceptual diagram 
pictorially shoWing the operation of the FIG. 4 signal 
analyZer. FIG. 5 depicts a signal that may be vieWed as an 
incoming data How (501) including a plethora or sequence 
of samples, dk(n—m) of a portion of the signal. This sequence 
of samples is multiplied or Weighted by the Weighting 
function, Wk(II1) (503), Where Wk(II1) may take any number 
of shapes or forms, denoted by the k suf?x, to provide a 
Weighted signal How (505) or sequence of Weighted samples 
or a Weighted signal expressed algebraically as: 
dk(mln)=wk(m)dk(n_m)' 

These Weighted samples are then combined (507) to 
provide a feature estimate (509) for the Weighted samples or 
the portion of the signal. While various combinations may 
be used, the discrete Short-Time Fourier Transform (STFT) 
de?ned as: 

Fk (n | M) = 2 WM wk (mm (n — m) 

may be particularly useful. This expression reduces to the 
average of the Weighted samples or a feature estimate 
proportional to a signal average When wk=0 and provides a 
frequency dependent energy estimate, Fk(n|u)k) for all other 
wk. Thus for wk=0 the structure of FIG. 4 Will serve as the 
signal analyZer (301) and yield an output proportional to the 
RSSI of the signal of the squaring unit (301). For wk=uu1 the 
structure of FIG. 4 Will provide the function of signal 
analyZer (303) and so forth. 

FIGS. 6.1, 6.2, 6.3, and 6.4 depict various preferred and 
normaliZed shapes for the localiZing and Weighting function 
Wk(II1) suitable for use in the FIG. 4 signal analyZer. Gen 
erally a desirable function is relatively symmetric, single 
peaked, non-negative, and smoothly tapered at the edges. 
FIG. 6.1 depicts a half-sine WindoW or Weighting function 
(601) de?ned by the equation (603) for sample n=0, 1, . . . 
, N-2 (605). FIG. 6.2 depicts a half-cosine WindoW or 
Weighting function (607) de?ned by the equation (609) for 
sample n=0, 1, . . . , N-3 (611). 

The parameter N controls the number of samples that Will 
be included or play a role in the feature estimate or for a 
given sampling rate the temporal Width or duration of the 
sequence of samples. This parameter is selected depending 
on various design tradeoffs but must be suf?cient to satisfy 
various practical considerations. That is you Will need at 
least 2 and preferably 3 or so samples of the highest 
frequency you expect to resolve. Practical sampling rates 
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and tolerance for signal analyzer latency traded With accu 
racy Will limit an upper boundary on N. In one embodiment 
of the PMU of FIG. 2 Where + and —800 HZ needed to be 
resolved Within a time period of 0.2 milliseconds at a 
sampling rate of 20,000 samples per second it Was experi 
mentally determined that an N of 16 Was satisfactory. 

FIG. 6.3 depicts a 2nd order complex pole WindoW or 
Weighting function (613) de?ned by the equation (615) With 
0 and r being de?ned in terms of IP (614), the number of 
samples from n=0 to the maximum normaliZed value of 1, 
here n=5, for the Weighting function and R2 (616), the 
amplitude of the ?rst negative peak value for the Weighting 
function. Although determining With precision the number 
of samples that Will impact a given feature estimate is 
someWhat problematic using the 2nd order complex pole 
function for practical situations Where R2 Will be minimiZed 
and the relative symmetry of the function Will be maximiZed 
in order to be, as above indicated, consistent With desirable 
Weighting functions or WindoWs IP (614) for all practical 
purposes determines the number of samples that Will have a 
substantial or signi?cant effect on a feature estimate. 

FIG. 6.4 depicts a 3rd order complex pole WindoW or 
Weighting function (619) de?ned by the equation (621) With 
r being de?ned in terms of R3 (617), the amplitude of the 
second normaliZed maximum value of the Weighting 
function, and N, the number of samples in a period of the 
function or WindoW. Again for practical circumstances With 
desirable WindoWs or functions chosen the value of R3 (617) 
Will be minimiZed and N Will determine the number of 
samples that Will have a signi?cant effect on a feature 
estimate. 

FIG. 7 is a block diagram of a signal analyZer using 
recursive, preferably short time, signal analysis to obtain a 
time varying feature from or for a signal. This signal 
analyZer includes a signal sampler, such as the signal sam 
pler (401), for sampling the signal to provide a sequence of 
samples of the signal and a combiner (701) for combining a 
?rst signal (703), a second signal (705), a ?rst previous 
estimate of the time varying feature (707), and a second 
previous estimate (709) of the time varying feature to 
provide a current feature estimate (711). The ?rst signal and 
the second signal, respectively, correspond to a ?rst sample, 
here d(n), and a second sample, here d(n—N) from the 
sequence of samples of the signal. The second sample is 
spaced by at least one sample, here N-2 samples, from the 
?rst sample and Weighted or multiplied by the complex 
function e'fNw (706). 

The ?rst previous estimate, designated as F d(n—1|u)) (707) 
of the time varying feature is provided by a one time period 
delay stage (708) and is Weighted by an expression given by 
e_j‘”(2 cos J'lZ/N) (712) that includes a cosine function having 
an argument inversely proportional to a number of samples 
equal to a sum of the at least one sample, the ?rst sample and 
the second sample or here N samples. The second previous 
estimate, designated as F d(n—2|u)) (709) of the time varying 
feature is provided by another one time period delay stage 
(710) and is Weighted by the complex function —e_j2‘” (714). 

Given the above signals, previous estimates etc., as 
Weighted, the combiner performs an algebraic summation 
using adders (719, 720, 721) to provide a current feature 
estimate or feature estimate or signal feature estimate des 
ignated Fd(n|u)) (711). Fd(n|u)) is a frequency dependent 
energy estimate and may be algebraically de?ned as: 
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10 
for 00¢0 and for (n=0 reduces to: 

Savg(n)=2 COS(J'|§/N)Savg(I1—1)—Sav (n—2)+d(n)+d(n-N), 
With Fd(n|0) is de?ned as SWg n), etc., or simply a 
signal average for d(n). In summary it has been dis 
covered and can be shoWn that the structure of FIG. 7 
provides, at sample n, a feature estimate for a signal 
d(n) that is equivalent to the feature estimate provided 
by the structure of FIG. 4 When the Weighting function 
or WindoW is the half sine function of FIG. 6.1. 

FIG. 8 is a block diagram of a signal analyZer using 
recursive analysis in accordance With an alternative embodi 
ment of the instant invention. The FIG. 8 signal analyZer is 
analogous to the FIG. 7 analyZer in numerous Ways includ 
ing the signal sampler (401) and the combiner (701), hoW 
ever the combiner (801) additionally combines a third 
previous estimate, designated as Fd(n—3|u)) (815) provided 
by a further delay stage (813) as Well as the second previous 
estimate Weighted by the cosine function. 
More speci?cally the combiner (801) combines a ?rst 

signal (803), a second signal (805), a ?rst previous estimate 
of the time varying feature (807), a second previous estimate 
(809) of the time varying feature, and the third previous 
estimate (815) to provide a current feature estimate (811). 
The ?rst signal and the second signal, respectively, corre 
spond to a ?rst sample, here d(n), and a second sample, here 
d(n—N) from the sequence of samples of the signal. The 
second sample is spaced by at least one sample, here N-2 
samples, from the ?rst sample and Weighted or multiplied by 
the complex function —e_jN‘” (806). 
The ?rst previous estimate, designated as F d(n—1|u)) (807) 

of the time varying feature is provided by a one time period 
delay stage (808) and is Weighted by an expression given by 
e_j‘”(l+2 cos(2rc/N)) (812) that includes a cosine function 
having an argument inversely proportional to a number of 
samples equal to a sum of the at least one sample, the ?rst 
sample and the second sample or here N samples. The 
second previous estimate, designated as Fd(n—2|u)) (809) of 
the time varying feature is provided by another one time 
period delay stage (810) and is Weighted by the complex 
function —e_j2‘”(1+2 cos(2s'c/N)) (814). The third previous 
estimate, designated as Fd(n—3|u)) (815) of the time varying 
feature is provided by the delay stage (813) and is Weighted 
by the complex function —e_j3‘” (816). 

Given the above signals, previous estimates etc., as 
Weighted, the combiner performs an algebraic summation 
using adders (819, 820) to provide a current feature estimate 
or feature estimate or signal feature estimate designated 
Fd(n|u))) (811). Fd(n|u)) is a frequency dependent energy 
estimate and may be algebraically de?ned as: 

Savg(n)=(1+2 cos 2J'c/N)(Savg(n—1)—Savg(n—2))+Savg(n— 
3)+d(n)—d(n-N), Where Fd(n|u)=0) is de?ned as SWg 
(n), etc., or simply a signal average for d(n). In sum 
mary it has been discovered and can be shoWn that the 
structure of FIG. 8 provides, at sample n, a feature 
estimate for a signal d(n) that is equivalent to the 
feature estimate provided by the structure of FIG. 4 
When the Weighting function or WindoW is the cosine 
function of FIG. 6.2. 

FIG. 9 is a block diagram of a signal analyZer using 
recursive analysis in accordance With a further embodiment 
of the instant invention. This signal analyZer uses recursive 
short time signal analysis to obtain a time varying feature 
from a signal and includes a signal sampler (900) for 
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sampling the signal to provide a sequence of samples of the 
signal and a combiner (901) for providing a current feature 
estimate or signal feature estimate by combining a ?rst 
signal (903) corresponding to a ?rst sample d(n), a ?rst 
previous estimate, designated Fd(n—1|u)) (907) provided by 
a delay stage (908), of the time varying feature Weighted by 
a function de?ned as 2r cos ?le-1'“) that includes a cosine 
function having an argument 0 that is inversely proportional 
to a number of the sequence of samples, and a second 
previous estimate, designated Fd(n—2|u)) (909) provided by 
a delay stage (910), of the time varying feature Weighted by 
a function de?ned as —r2e_j2‘” Where 

*1 _7r 

(am) ‘an (T2) 
r 0c e " and 0 0c 

lp + 1 

thus r is exponentially Weighted in proportion to the argu 
ment 0. 

Given the above signals, previous estimates etc., as 
Weighted, the combiner performs an algebraic summation 
using adders (919, 920) to provide a current feature estimate 
or feature estimate or signal feature estimate designated. 
Fd(n|u)) (911). Fd(n|u)) is a frequency dependent energy 
estimate and may be algebraically de?ned as: 

for 00¢0 and for uu=0 reduces to: 

Savg(n)=2r cos 0(Savg(n—1))—r2Savg(n—2)+d(n), With 
Fd(n|0) de?ned as Savg(n), etc., or simply a signal 
average for d(n). In summary it has been discovered 
and can be shoWn that the structure of FIG. 9 provides, 
at sample n, a feature estimate for a signal d(n) that is 
equivalent to the feature estimate provided by the 
structure of FIG. 4 When the Weighting function or 
WindoW is the 2nd order complex pole function of FIG. 
6.3. 

FIG. 10 is a block diagram of a signal analyZer using 
recursive analysis in accordance With yet another embodi 
ment of the instant invention. The FIG. 10 signal analyZer is 
analogous to the FIG. 9 analyZer in numerous Ways includ 
ing the signal sampler (900) and the combiner (901), hoW 
ever the combiner (1001) additionally combines a third 
previous estimate, designated as Fd(n—3|u)) (1005) provided 
by a further delay stage (1006), exponentially Weighted as 
Well as the second previous estimate Weighted by a cosine 
function. 
More speci?cally the combiner (1001) combines a ?rst 

signal (1003), a ?rst previous estimate of the time varying 
feature (1007), a second previous estimate (1009) of the time 
varying feature, and the third previous estimate (1005) to 
provide a current feature estimate (1011). The ?rst signal 
corresponds to a ?rst sample, here d(n) from the sequence of 
samples of the signal. 

The ?rst previous estimate, designated as F d(n—1|u)) 
(1007) of the time varying feature is provided by a one time 
period delay stage (1008) and is Weighted by an expression 
given by re_j‘”(1+2 cos(2s'c/N)) (1012) Where 

and 0:27r/N 

that includes a cosine function having an argument inversely 
proportional to a number of the sequence of samples or here 
N samples. The second previous estimate, designated as 
Fd(n—2|u)) (1009) of the time varying feature is provided by 
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12 
another one time period delay stage (1010) and is Weighted 
by the complex function —r2e_j2‘”(1+2 cos(2s'c/N)) (1014). 
The third previous estimate, designated as Fd(n—3|u)) (1005) 
of the time varying feature is provided by the delay stage 
(1006) and is Weighted by the complex function r3e_j3‘” 
(1016). 

Given the above signals, previous estimates etc., as 
Weighted, the combiner performs an algebraic summation 
using adder (1019) to provide a current feature estimate or 
feature estimate or signal feature estimate designated 
Fd(n|u)) (1011). Fd(n|u)) is a frequency dependent energy 
estimate and may be algebraically de?ned as: 

With 0=2rc/N for 00¢0 and for uu=0 reduces to: 

Savg(n)=(1+2 cos 0)(rSavg(n—1)—r2Savg(n—2))+r3Savg n 
3)+d(n), Where Fd(n|u)=0) is de?ned as Savg(n), etc., or 
simply a signal average for d(n). In summary it has 
been discovered and can be shoWn that the structure of 
FIG. 10 provides, at sample n, a feature estimate for a 
signal d(n) that is equivalent to the feature estimate 
provided by the structure of FIG. 4 When the Weighting 
function or WindoW is the 3rd order complex pole 
function of FIG. 6.4. 

The signal analyZers depicted in FIGS. 7—10 are each 
suitable for implementation as softWare programs operating 
in a DSP environment such as a Motorola 5 6000 series DSP. 
These analyZers each provide various advantages over here 
to fore knoWn signal analyZers using recursive short-time 
signal analysis. For example the signal analyZer of FIG. 7 
has been shoWn to be either as accurate and signi?cantly 
more computationally ef?cient or signi?cantly more accu 
rate at similar levels of computational burden to here to fore 
knoWn recursive analyZers. The signal analyZers of FIGS. 9 
and 10 are especially advantageous for real time signal 
analysis as the memory requirements represented by the 
input register (403) are not present. 

Referring to FIG. 11 a method embodiment of the instant 
invention is set in a signal analyZer using short-time signal 
analysis to obtain a time variant feature from a signal and 
begins at step (1101). The method includes the step of 
sampling the signal (1103) to provide a sequence of samples 
of a portion of the signal and, preferably, storing the 
sequence of samples of a portion of the signal at step (1105). 
The samples or sequence of samples are then Weighted in 
accordance With or in proportion to, alternatively, a half 
sign, cosine, 2nd order complex pole, or 3rd order complex 
pole function or WindoW, as above de?ned, to provide 
Weighted samples at step (1107). 

Thereafter the method combines the Weighted samples at 
step (1109) to provide a signal feature or feature estimate for 
the signal or relevant portion thereof at step (1111) and 
thereafter ends at step (1113). The signal feature can be 
proportional to a signal average for the signal or portion of 
the signal in accordance With the equations for Savg(n) as 
explained above. Alternatively or additionally the method, 
step of combining, can provide a frequency dependent 
energy estimate for the signal or portion thereof in accor 
dance With the equations above for Fd(n|u))). 

It Will be appreciated by those of ordinary skill in the art 
that the apparatus and methods disclosed provide various 
approaches for analyZing a signal Without compromising the 
accuracy of such analysis, thus data communications 
integrity, or otherWise unnecessarily burdening processing 
resources. These inventive structures and methods may be 
readily and advantageously employed in a Wireless system, 
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paging receiver or other communications device or system 
to provide accurate and computationally ef?cient demodu 
lators or other signal analyZers. Hence, the present 
invention, in furtherance of satisfying a long-felt need of 
Wireless communications, readily facilitates, for eXample, 
portable receivers by providing methods and apparatus for 
signal analysis that are practical to implement from a 
physical, economic and poWer source perspective in for 
eXample a portable product, such as a pager. 

It Will be apparent to those skilled in the art that the 
disclosed invention may be modi?ed in numerous Ways and 
may assume many embodiments other than the preferred 
forms speci?cally set out and described above. Accordingly, 
it is intended by the appended claims to cover all modi? 
cations of the invention Which fall Within the true spirit and 
scope of the invention. 
What is claimed is: 
1. A signal analyZer using short-time signal analysis to 

obtain a time variant feature from a signal, the signal 
analyZer comprising in combination: 

an input register for storing a sequence of samples of a 
portion of said signal, 

a multiplier for Weighting in accordance With a half-sine 
function said sequence of samples to provide Weighted 
samples of said portion of said signal, and 

a combiner for combining said Weighted samples to 
provide a time variant signal feature estimate for said 
portion of said signal. 

2. The signal analyZer of claim 1 Wherein said multiplier 
Weights said sequence of samples in proportion to a half sine 
function de?ned as 

0, otherwise 

Where said sequence of samples is N-1 samples. 
3. The signal analyZer of claim 1 Wherein said combiner 

provides said signal feature estimate proportional to a signal 
average for said Weighted samples. 

4. The signal analyZer of claim 3 Wherein said combiner 
provides said signal average at sample n in proportion to: 

Where d(n) and d(n-N) are, respectively, a sample at n and 
n-N and Savg(n—1) and Savg(n—2) are, respectively, previous 
signal averages at sample n—1 and n—2. 

5. The signal analyZer of claim 1 Wherein said combiner 
provides a frequency dependent energy estimate for said 
portion of said signal. 

6. The signal analyZer of claim 5 Wherein said combiner 
provides said frequency dependent energy estimate at 
sample n, in proportion to: 

F d(n|(n)=2e’j” cos(n/N)Fd(n—1|(n)—e’j2°JFd(n—2|0J)+d(n)+e’jN°Jd(n— 

Where d(n) and d(n-N) are, respectively, a sample at n and 
n-N and Fd(n—1|u)) and Fd(n—2|u)) are, respectively, fre 
quency dependent energy estimates at sample n—1 and n—2. 

7. A signal analyZer using short-time signal analysis to 
obtain a time variant feature from a signal, the signal 
analyZer comprising in combination: 

a signal sampler for sampling the signal to provide a 
sequence of samples of the signal, 

a multiplier for Weighting in accordance With a 2nd order 
complex pole function said sequence of samples to 
provide Weighted samples, and 
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a combiner for combining said Weighted samples to 

provide a time variant signal feature estimate for said 
signal. 

8. The signal analyZer of claim 7 Wherein said multiplier 
Weights said sequence of samples in proportion to a complex 
pole function de?ned as 

9. The signal analyZer of claim 7 Wherein said combiner 
provides said signal feature proportional to a signal average 
for said Weighted samples. 

10. The signal analyZer of claim 9 Wherein said combiner 
provides said signal average at sample n in proportion to: 

S (n)=2r cos 68 

Where d(n) is a sample at n and SWg n—1) and Savg(n—2) are, 
respectively, previous signal averages at sample n—1 and 
n—2. 

11. The signal analyZer of claim 7 Wherein said combiner 
provides a frequency dependent energy estimate for said 
Weighted samples. 

12. The signal analyZer of claim 11 Wherein said combiner 
provides said frequency dependent energy estimate at 
sample n, in proportion to: 

Where d(n) is a sample at n and F d(n—1|u)) and F d(n—2|u)) are, 
respectively, previous frequency dependent energy estimates 
at sample n—1 and n—2. 

13. A signal analyZer using short time signal analysis to 
obtain a time varying feature from a signal, the analyZer 
comprising in combination: 

an input register for storing a sequence of samples of a 
portion of the signal, 

a multiplier for Weighting in accordance With a cosine 
Wave function said sequence of samples to provide 
Weighted samples of said portion of said signal, and 

a combiner for combining said Weighted samples to 
provide a time varying signal feature estimate for said 
portion of said signal. 

14. The signal analyZer of claim 13 Wherein said multi 
plier Weights said sequence of samples in proportion to a 
cosine-Wave function de?ned as 

avg avg 

Where said sequence of samples is N-2 samples. 
15. The signal analyZer of claim 13 Wherein said com 

biner provides said signal feature estimate proportional to a 
signal average of said Weighted samples. 

16. The signal analyZer of claim 15 Wherein said com 
biner provides said signal average at sample n in proportion 
to: 

Where d(n) and d(n-N) are, respectively, a sample at n and 
n-N and Savg(n—1), Savg(n—2) and Savg(n—3) are, 
respectively, previous signal averages at sample n—1, n—2, 
and n—3. 
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17. The signal analyzer of claim 13 wherein said com 
biner provides a frequency dependent energy estimate for 
said portion of said signal. 

18. The signal analyZer of claim 16 Wherein said com 
biner provides said feature estimate at sample n in propor 
tion to: 

Where d(n) and d(n-N) are, respectively, a sample at n and 
n-N and Fd(n—1|u)), Fd(n—2|u)), and Fd(n—3|u)) are, 
respectively, previous frequency dependent energy estimates 
at sample n-1, n-2, and n-3. 

19. A signal analyZer using short-time signal analysis to 
obtain a time variant feature from a signal, the signal 
analyZer comprising in combination: 

a signal sampler for sampling the signal to provide a 
sequence of samples of said signal 

a multiplier for Weighting in accordance With a 3rd-order 
complex pole function said sequence of samples to 
provide Weighted samples of said signal, and 

a combiner for combining said Weighted samples to 
provide a time variant signal feature estimate for said 
Weighted samples of said signal. 

20. The signal analyZer of claim 19 Wherein said multi 
plier Weights said sequence of samples in proportion to a 
complex pole function de?ned as 

21. The signal analyZer of claim 19 Wherein said com 
biner provides said signal feature estimate proportional to a 
signal average for said Weighted samples. 

22. The signal analyZer of claim 21 Wherein said com 
biner provides said signal average at sample n in proportion 
to: 

avg 

Where d(n) is a sample of said signal at n, Savg(n—1), 
Savg(n—2), and Savg(n—3) are, respectively, previous signal 
averages at sample n-1, n-2, and n-3. 

23. The signal analyZer of claim 19 Wherein said com 
biner provides a frequency dependent energy estimate for 
said Weighted samples. 

24. The signal analyZer of claim 23 Wherein said com 
biner provides said frequency dependent energy estimate at 
sample n, in proportion to: 

Where d(n) is a sample at n and Fd(n—1|u)), Fd(n—2|u)), and 
Fd(n—3|u)) are, respectively, frequency dependent energy 
estimates at sample n-1, n-2, and n-3. 

25. A signal analyZer using recursive short time signal 
analysis to obtain a time varying feature from a signal, the 
analyZer comprising in combination: 

a signal sampler for sampling the signal to provide a 
sequence of samples of the signal, and 
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a combiner for combining a ?rst signal, a second signal, 

a ?rst previous estimate of the time varying feature, and 
a second previous estimate of the time varying feature 
to provide a current time varying feature estimate, said 
?rst signal and said second signal, respectively, corre 
sponding to a ?rst sample and a second sample from 
said sequence of samples of the signal, said second 
sample spaced by at least one sample from said ?rst 
sample, said ?rst previous estimate of the time varying 
feature Weighted by a cosine function having an argu 
ment inversely proportional to a number of samples 
equal to a sum of said at least one sample, said ?rst 
sample and said second sample. 

26. The signal analyZer of claim 25 Wherein said com 
biner provides said feature estimate proportional to a signal 
average for a portion of said signal. 

27. The signal analyZer of claim 26 Wherein said com 
biner provides said feature estimate at sample n in propor 
tion to: 

$Wg(”)=2 COSUI/MSM("-1)-5Wg(”-2)+d(”)+d(”—1\’), 

Where d(n) and d(n-N) are, respectively, said ?rst sample 
taken at n and said second sample taken at n-N and 
Savg(n—1) and Savg(n—2) are, respectively, said ?rst previous 
estimate at sample n-1 and said second previous estimate 
sample n-2. 

28. The signal analyZer of claim 26 Wherein said com 
biner additionally combines a third previous estimate as Well 
as said second previous estimate Weighted by said cosine 
function. 

29. The signal analyZer of claim 28 Wherein said com 
biner provides said feature estimate at sample n in propor 
tion to: 

Where d(n) and d(n-N) are, respectively, said ?rst sample 
taken at n and said second sample taken at n-N and 
Savg(n—1), Savg(n—2), and Savg(n—3) are, respectively, said 
?rst previous estimate at sample n-1, said second previous 
estimate at sample n-2, and said third previous estimate at 
sample n-3. 

30. The signal analyZer of claim 25 Wherein said com 
biner provides said feature estimate proportional to a fre 
quency dependent energy estimate for a portion of said 
signal. 

31. The signal analyZer of claim 30 Wherein said com 
biner provides said feature estimate at sample n in propor 
tion to: 

F d(n|(n))=2e’j” cos(n/N)Fd(n—1|0J)—e’j2°JFd(n—2|m)+d(n)+e’ 
WWW-N), 

Where d(n) and d(n-N) are, respectively, a sample at n and 
n-N and Fd(n—1|u)) and Fd(n—2|u)) are, respectively, previ 
ous frequency dependent energy estimates at sample n-1 
and n-2. 

32. The signal analyZer of claim 30 Wherein said com 
biner additionally combines a third previous estimate as Well 
as said second previous estimate Weighted by said cosine 
function. 

33. The signal analyZer of claim 32 Wherein said com 
biner provides said feature estimate at sample n in propor 
tion to: 
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respectively, frequency dependent energy estimates at 
sample n—1, n—2, and n—3. 

34. A signal analyZer using recursive short time signal 
analysis to obtain a time varying feature from a signal, the 
analyZer comprising in combination: 

a signal sampler for sampling the signal to provide a 
sequence of samples of the signal, 

a combiner for combining a ?rst signal corresponding to 
a ?rst sample, a ?rst previous estimate of the time 
varying feature Weighted by a cosine function having 
an argument inversely proportional to a number of said 
sequence of samples, and a second previous estimate of 
the time varying feature exponentially Weighted in 
proportion to said argument to provide a current time 
varying feature estimate. 

35. The signal analyZer of claim 34 Wherein said com 
biner provides said feature estimate proportional to a signal 
average for a portion of said signal. 

36. The signal analyZer of claim 35 Wherein said com 
biner provides said feature estimate at sample n in propor 
tion to: 

avg avg 

Where d(n) is said ?rst sample taken at n, Savg(n—1) and 
Savg(n—2) are, respectively, said ?rst previous estimate at 
sample n—1 and said second previous estimate at sample 

37. The signal analyZer of claim 35 Wherein said com 
biner additionally combines a third previous estimate eXpo 
nentially Weighted as Well as said second previous estimate 
Weighted by said cosine function. 

38. The signal analyZer of claim 37 Wherein said com 
biner provides said feature estimate at sample n in propor 
tion to: 

Where d(n) is said ?rst sample taken at n, SWg n—1), SWg 
(n—2), and Savg(n—3) are, respectively, said ?rst previous 
estimate at sample n—1, said second previous estimate at 
sample n—2, and said third previous estimate at sample n—3, 

39. The signal analyZer of claim 34 Wherein said com 
biner provides said feature estimate proportional to a fre 
quency dependent energy estimate for a portion of said 
signal. 

40. The signal analyZer of claim 39 Wherein said com 
biner provides said feature estimate at sample n in propor 
tion to: 

Fd(n—2|u)) are, respectively, frequency dependent energy 
estimates at sample n—1 and n—2, 
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41. The signal analyZer of claim 39 Wherein said com 
biner additionally combines a third previous estimate eXpo 
nentially Weighted as Well as said second previous estimate 
Weighted by said cosine function. 

42. The signal analyZer of claim 41 Wherein said com 
biner provides said feature estimate at sample n in propor 
tion to: 

Where d(n) is said ?rst sample taken at n, Fd(n—1|u)), 
Fd(n—2|u)), and Fd(n—3|u)) are, respectively, frequency 
dependent energy estimates at sample n—1, n—2, and n—3, 

43. In a signal analyZer using recursive short-time signal 
analysis a method of obtaining a time variant feature from a 
signal, the method including the steps of: 

storing a sequence of samples of a portion of the signal, 
Weighting in accordance With a half-sine function said 

sequence of samples to provide Weighted samples, and 
combining said Weighted samples to provide a time 

variant signal feature for said portion of said signal. 
44. The method of claim 43 Wherein said step of Weight 

ing is in proportion to a half sine function de?ned as 

0, otherwise 

Where said sequence of samples is N-1 samples. 
45. The method of claim 43 Wherein said step of com 

bining provides said signal feature in proportion to a signal 
average for said portion of said signal. 

46. The method of claim 45 Wherein said step of com 
bining provides said signal average at sample n in proportion 
to: 

Where d(n) and d(n-N) are, respectively, a sample at n and 
n-N and Savg(n—1) and Savg(n—2) are, respectively, previous 
signal averages at sample n—1 and n—2. 

47. The method of claim 43 Wherein said step of com 
bining provides a frequency dependent energy estimate for 
said portion of said signal. 

48. The method of claim 47 Wherein said step of com 
bining provides said frequency dependent energy estimate at 
sample n, in proportion to: 

: 

Where d(n) and d(n-N) are, respectively, a sample at n and 
n-N and Fd(n—1|u)) and Fd(n—2|u)) are, respectively, fre 
quency dependent energy estimates at sample n—1 and n—2. 

49. In a signal analyZer using recursive short-time signal 
analysis, a method of obtaining a time variant feature from 
a signal, the method including the steps of: 
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sampling the signal to provide a sequence of samples of 
a portion of the signal, 

Weighting in accordance With a complex pole function 
said sequence of samples to provide Weighted samples, 
and 

combining said Weighted samples to provide a time 
variant signal feature for said portion of said signal. 

50. The method of claim 49 Wherein said step of Weight 
ing said sequence of samples is in proportion to a compleX 
pole function de?ned de?ned as 

51. The method of claim 49 Wherein said step of com 
bining provides said signal feature proportional to a signal 
average for said portion of said signal. 

52. The method of claim 51 Wherein said step of com 
bining provides said signal average at sample n in proportion 
to: 
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Where d(n) is a sample at n and SWg n-1) and Savg(n—2) are, 
respectively, previous signal averages at sample n-1 and 
n-2. 

53. The method of claim 49 Wherein said step of com 
bining provides a frequency dependent energy estimate for 
said portion of said signal. 

54. The method of claim 53 Wherein said step of com 
bining provides said frequency dependent energy estimate at 
sample n, in proportion to: 

Where d(n) is a sample at n and F d(n—1|u)) and F d(n—2|u)) are, 
respectively, frequency dependent energy estimates at 
sample n-1 and n-2. 


